Neoadjuvant therapy, where patients receive systemic therapy before surgical removal of the tumour, can downstage tumours allowing breast-conserving surgery, rather than mastectomy. In addition to its impact on surgery, the neoadjuvant setting offers a valuable opportunity to monitor individual tumour response. The effectiveness of standard and/or potential new therapies can be tested in the neoadjuvant pre-surgical setting. It can potentially help to identify markers differentiating patients that will potentially benefit from continuing with the same or a different adjuvant treatment enabling personalised treatment. Characterising the molecular response to treatment over time can more accurately identify the significant differences between baseline samples that would not be identified without post-treatment samples. In this review, we discuss the potential and challenges of using the neoadjuvant setting in translational breast cancer research, considering the implications for improving our understanding of response to treatment, predicting therapy benefit, modelling breast cancer dormancy, and the development of drug resistance.
Introduction
Neoadjuvant therapy is the pre-operative treatment of tumours with chemotherapy, radiation therapy, and endocrine therapy. It was originally used for its impact on surgery, downstaging tumours, and allowing breast-conserving surgery rather than mastectomy. In addition, neoadjuvant therapy offers potential opportunities for response prediction 1 and relatively quick assessment for drug development and approval in breast cancer 2 by monitoring benefit from the intervention at early stages of disease. Neoadjuvant chemotherapy and endocrine therapy are widely used and studied in breast cancer. 3 Development of better markers of response is required for more accurate stratification of patients to neoadjuvant chemotherapy and endocrine therapy. Analysis of gene expression changes in patient-matched sequential samples collected before and on treatment may be a promising way to consider the molecular changes that occur during treatment that are required for response. These samples could be the diagnostic and surgical samples, or additional biopsies taken during treatment ( Figure 1 ). Furthermore, comparing samples from patients who have a non-complete response to neoadjuvant treatment to samples from those do have a complete response can provide better understanding of innate/acquired resistance mechanisms, allowing better therapy management.
In this review, we summarise recent literature focusing on the impact of neoadjuvant chemotherapy and neoadjuvant endocrine therapy for translational research in breast cancer, emphasising opportunities for predicting response and improving our understanding of resistance to therapy.
Neoadjuvant Chemotherapy in Breast Cancer
Neoadjuvant chemotherapy has been established in downstaging large or locally advanced tumours allowing breast-conserving surgery, thereby avoiding mastectomy since the 1970s. 4 Patients with tumours that achieve a pathological complete response (pCR) to neoadjuvant chemotherapy have been shown to have lower recurrence rates compared with those with partial response. 5 However, pCR is achieved only in 20% to 30% of patients, 6 and its predictive value depends on the tumour biology. Patients with human epidermal growth factor receptor (HER)2-positive and triple-negative tumours are good candidates for neoadjuvant chemotherapy as they have higher probability of achieving pCR. 7 Residual cancer burden (RCB) which combines pathologic measurements of size and cellularity of primary tumour and number and size of nodal metastases 8 provides a standardised procedure for the prospective evaluation of specimens to report response to neoadjuvant chemotherapy. In a recent prospective study, RCB has been shown to be prognostic for long-term survival following neoadjuvant chemotherapy in all 3 subsets of breast cancer, oestrogen receptor alpha positive (ER+), HER2-negative, and triple-negative disease. 9 A study of 32 patients across a wide variety of tumour stage, sizes, and hormone receptor status before and after 4 cycles of epirubicin and cyclophosphamide followed by 4 cycles of docetaxel found that prediction of response to neoadjuvant chemotherapy was achievable with a 21-gene list. 10 They particularly noted both initial low expression and upregulation of HER4 was found in 26 of 32 (81%; P = .002) and in 23 of 25 (92%; 2 Breast Cancer: Basic and Clinical Research P < .001) responders, respectively. They showed classifying patients by their initial molecular subtype into basal or nonbasal like significantly correlated with attainment of pCR to neoadjuvant chemotherapy. Specifically, 7 of 10 basal-like tumours responded to neoadjuvant chemotherapy, whereas 19 of 22 non-basal-like tumours did not respond. Change from basal-like to non-basal like subtype after 4 chemotherapy cycles was also predictive of responder status.
In another study comparing gene expression profiles in 21 patients before and 14 patients after 1 cycle of neoadjuvant docetaxel and capecitabine, 11 the focus was on identifying pathways rather than individual genes associated with response and resistance. The study found expression of DNA repair genes was higher in responding tumours, whereas nonresponders had significantly higher levels of microtubuleassociated protein 2 (MAP2). However, the study's definition of non-response included tumours with partial response after 4 cycles of treatment and some tumours with up to 80% decrease in size, conflicting with definitions of response in other studies. Analysis of the largest data set of sequentialmatched samples, from patients who received neoadjuvant chemotherapy in the I-SPY 1 trial, identified candidate immune and proliferation pathways associated with response and recurrence. 12 We have recently conducted a patientmatched sequentially sampled neoadjuvant chemotherapy study, which suggests that on-treatment biomarkers may out-perform pre-treatment biomarkers for predicting response and outcome. 13 Data from the I-SPY 1 trial provided the essential validation data set.
Although definitive molecular markers that can predict response to neoadjuvant chemotherapy have not been identified yet, multigene expression assays for prognosis prediction for relapse and risk stratification in the adjuvant setting are already established. Multigene tests EndoPredictClin and Oncotype DX predict patients who can avoid chemotherapy, thereby reducing over-treatment and the associated side-effects. The clinical utility of Oncotype DX in the identification of low-risk patients who will not benefit from adjuvant chemotherapy has also been validated. 14 Recently, a PAM50-based chemoendocrine score has been developed based on the finding that most genes associated with endocrine sensitivity were also found to be associated with chemotherapy resistance. 15 Despite literature showing efficacy of neoadjuvant chemotherapy, its use varies widely. In addition, its value has recently been questioned 16 and, in turn, defended by a number of prominent advocates in the field. The main concern raised by Vaidya et al 16 was the controversial value of pCR in predicting survival benefit, questioning the beneficial effect of neoadjuvant chemotherapy on patients. They pointed out EBCTCG meta-analysis showing no significant overall survival advantage with an increase in local recurrences with neoadjuvant chemotherapy compared with adjuvant chemotherapy (21.4% vs 15.9%). 17 Figure 1 . Opportunities for using sequential patient-matched samples for studying response to therapy and predicting therapy benefit in breast cancer. Vertical arrows represent the normal and potential additional (italics) opportunities when sequential patient-matched samples can be taken during a standard treatment regimen (A), during neoadjuvant therapy (B), and during extended neoadjuvant therapy, which could serve as a novel clinical model to investigate treatment-induced dormancy and acquired resistance (C).
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The reported increase in loco-regional recurrence risk associated with neoadjuvant chemotherapy in some trials have previously been attributed to the inclusion of patients who did not receive surgery as they have undergone pCR following neoadjuvant chemotherapy. However, recent EBCTCG individual patient data meta-analysis showed that higher local recurrence with neoadjuvant chemotherapy compared with adjuvant chemotherapy was not confined to trials where surgery was omitted. 17 Second, Vaidya et al questioned the original impact of neoadjuvant chemotherapy in downstaging tumours allowing breast-conserving surgery, by highlighting that it makes the tumour and lymph nodes less palpable and the surgery more difficult and less precise in some patients. The authors concluded by suggesting limiting widespread use of neoadjuvant chemotherapy and considering its use only in patients whose tumours are large and not suitable for breast conservation but will potentially become suitable following neoadjuvant chemotherapy. This actually summarises the current approach where patients are managed by the multidisciplinary teams to decide the most appropriate treatment plan and markers of neoadjuvant therapy response are being investigated to better stratify patients. An informed discussion with patients to inform them about the up-to-date evidence and the possibility of mastectomy in the presence of no/partial response would be appropriate. Discussions on the use of neoadjuvant therapy such as that ignited by Vaidya et al will contribute to improving future precision in breast cancer practice while protecting any potential harm on patients in the meantime.
Pre-surgical Treatment to Improve Accuracy of Predicting Response to Endocrine Therapy
It is well established that oestrogen receptor alpha (ERα) levels correlate with endocrine treatment outcome and ERα presence at diagnosis is the best current predictor for endocrine therapy response. However, its predictive value is limited, as only 50% to 70% of ER+ patients respond to neoadjuvant endocrine therapy, 18 which highlights the heterogeneous patient response and the urgent need for biomarkers that more accurately predict those likely to respond, from those who are innately or acquire resistance to endocrine treatment.
Expression profiling of pre-and on-treatment clinical samples under neoadjuvant therapy to predict response to treatment has recently become viable ( Figure 1 ). Dowsett et al 19 showed that reduction in proliferation (measured by Ki-67 level) within the first 12 weeks of neoadjuvant therapy predicts recurrence-free survival during adjuvant treatment. Currently, there is no consensus on the standard analytical and scoring methods, and cut-off value for Ki-67. Studies are underway to standardise Ki-67 measurement in clinical practice ensuring its reproducibility as an early marker of treatment efficiency. 20 In addition, The Preoperative Endocrine Prognostic Index (PEPI) was developed to identify extreme responders to endocrine therapy such that subsequent management could be modified to avoid chemotherapy in a population at low risk of relapse post-neoadjuvant endocrine therapy. The PEPI was derived as an arithmetic sum of risk points weighted by the size of the hazard ratio (HR) assigned to each statistically significant factor (tumour size, node status, ER status, and Ki-67 natural log intervals, all derived from the surgical specimen). 21 Ellis et al 21 validated PEPI independently in IMPACT trial with 203 postmenopausal women showing that it significantly predicted recurrence-free survival. In another clinical trial, PEPI status was significantly predictive of recurrence-free survival for both neoadjuvant anastrozole and fulvestrant. 22 The currently ongoing ALTERNATE trial will prospectively determine the validity of PEPI score.
In addition, gene expression changes in sequential patientmatched samples have been studied for 2 weeks to 3 months [23] [24] [25] to determine treatment-induced dynamic changes in tumours. Mello-Grand et al 23 proposed a 54-gene signature predictive of response in all the patients involved in the study (n = 17) treated with neoadjuvant anastrozole for 3 months. The results were further validated externally on a different data set where it correctly classified 26 of 37 responders and 11 of 15 non-responders. The differentially expressed genes were linked to downregulation of cell cycle and to stimulation of the immune response in responding tumours, whereas non-responding tumours demonstrated increased immune response and androgen receptor (AR) nuclear signalling suggesting tumour cells may divert androgens to escape aromatase inhibitor-mediated cell cycle inhibition. 23 More recently, a 4-gene signature was identified to accurately predict which ER+ patients will clinically respond to short-term neoadjuvant aromatase inhibitor treatment. 24 Proliferation genes were able to accurately predict letrozole response at 2 weeks, but not before treatment, suggesting that characterising the molecular response to treatment using early (2 weeks) on-treatment samples rather than relying on pretreatment markers can more accurately predict responding patients. 24 These results suggest that a full standard course of several months of neoadjuvant treatment ( Figure 1B ) may not be required and a short 2-week pre-surgical therapy ( Figure 1A ) might be sufficient to improve the accuracy of long-term prediction of outcomes. The POETIC (Peri-Operative Endocrine Therapy for Individualising Care) trial, in which more than 4000 postmenopausal ER+ patients were randomised to receive 2-week treatment of letrozole both before and after surgery, is currently in its follow-up period to assess the clinical predictive value of on-treatment proliferation biomarker Ki-67 for longterm outcome. 26 The results will guide the design of future clinical trials particularly for the group of patients predicted to have poorer long-term outcome following neoadjuvant endocrine therapy requiring alternative interventions.
The transcriptional response to the ESR1 degrader fulvestrant was found to have much in common with oestrogen deprivation, but to be stronger with distinctions potentially attributable to arrest of oestrogen-independent ER activity and involvement of AR signalling. 25 In NEWEST trial, high-dose fulvestrant (500 mg) resulted in a greater reduction of Ki-67 and ER levels compared with 250 mg after 4 weeks of neoadjuvant therapy. In CARMINA 02 trial, a homogeneous cohort of postmenopausal women with ER+, HER2-negative breast cancer, no significant differences between anastrozole and fulvestrant for pathological response and breast-conserving surgery rates were observed with higher clinical response rates (approximately 15%) for anastrozole. 22 Although, it should be noted that the duration of neoadjuvant therapy was different for anastrozole and fulvestrant (5.7 and 4.8 months, respectively). Also, CARMINA trial showed that reduction in ER levels was greater with fulvestrant compared with anastrozole with similar reductions in Ki-67 expression, which are comparable to the results of a previous trial. 27 The better biological activity/transcriptional response of fulvestrant does not necessarily result in better clinical response. 22 Profiling of axillary lymph nodes can also contribute to optimal treatment of breast cancer. Histopathologic assessment of immune and stromal features of axillary lymph nodes combined with primary tumour have been recently shown to predict which node-positive patients will develop distant metastasis more accurately. 28 Studies investigating gene expression profiling of primary breast cancers and matched metastases have been summarised by Kroigard et al. 29 Studying axillary nodes with matched primary tumours before and after neoadjuvant treatment can provide further insight into tumour evolution and metastasis.
Extended Neoadjuvant Endocrine Therapy as a Clinical Model of Dormancy
The benefits of adjuvant endocrine therapy for breast cancer have been demonstrated in meta-analysis of large randomised trials. 30 However, 20% to 50% of clinically disease-free breast cancer patients relapse 7 to 25 years following an apparently successful endocrine treatment. 31, 32 This period of years or decades of cancer-free survival between the removal of primary tumour and relapse is termed clinical cancer dormancy. Molecular studies have demonstrated that node and distant metastasis are highly similar to their matched primary tumours, 29, 33, 34 suggesting that the original tumour cells reside undetected at distant sites in the body before reawakening.
Dormant tumour cells are thought to persist either by transitioning to a quiescence state or by continuing to proliferate that is counterbalanced by cell death. 32 Reawakening dormant cells have been suggested to be detectable after reaching a detection threshold or reactivated via increased angiogenesis, and/or escape from inhibitory effects of microenvironment or immune system. 35, 36 Dormant cells survive despite endocrine treatment, and therefore, dormancy is believed to be a major mechanism underlying resistance to therapy. Although several mechanisms underlying metastasis dormancy have been suggested, 35, 37 our knowledge about clinical breast cancer dormancy is still limited. This is largely due to the limited availability of dormant cells from patients and lack of appropriate dormancy models.
Previous efforts to identify genes predictive of dormancy have failed to be translated into clinic. Kim et al 38 previously showed that ER+ cell lines and clinical samples are more dormant than ER-negatives by calculating a dormancy score based on expression levels of 49 genes that have previously been associated with cell quiescence and angiogenic failure. In addition, in ER+ breast cancers treated with adjuvant tamoxifen, a gene classifier has been proposed that can discriminate between early (⩽3 years) and late (⩾5 years) distant recurrences, which may represent emergence from dormancy. 39 However, this signature was based on pre-treatment samples only and has not been translated into clinical practice.
There is no consensus on optimal duration of neoadjuvant endocrine therapy and most patients receive it for 3 to 6 months. Median time to maximum response to neoadjuvant letrozole was shown to be 4.2 months, whereas 37.1% of patients achieve that response within 6-12 months. 40 A small proportion of patients receiving neoadjuvant endocrine therapy do not have their tumours excised after 3 months for a number of reasons such as being unfit for the surgery. These patients continue to receive neoadjuvant endocrine therapy for longer duration, and we have suggested that these tumours represent a unique circumstance, which can be used to study how tumours respond to extended oestrogen deprivation in situ. 41, 42 Tumours that initially shrink in size and continue to respond to neoadjuvant therapy model dormancy, whereas those that subsequently begin to regrow under neoadjuvant treatment, represent acquired resistance ( Figure 1C ).
Using this novel clinical model, we have identified extended (>4 months) letrozole-treatment-induced changes in dormant and resistant tumours by comparing pre-and on-treatment samples. 41, 42 Some of the identified pathways were dormancyrelated such as cell cycle arrest and senescence with established roles in metastasis dormancy, 43 further supporting the relevance of extended neoadjuvant therapy as a clinical model.
Neoadjuvant Therapy as a Drug Development Platform
Neoadjuvant pre-surgical therapy also provides an opportunity for novel drugs such as cyclin-dependent kinase (CDK) 4/6 inhibitors to be tested, either alone or in combination 2 along with assessing the potential for repurposing approved drugs, such as metformin originally intended for type II diabetes for improved outcomes. PALLET trial, evaluating the effects of combination of CDK4/6 inhibitor palbociclib and aromatase inhibitor letrozole as neoadjuvant therapy in ER+ breast cancer, showed that adding palbociclib significantly enhances Ki-67 suppression without any increase in the Selli and Sims 5 clinical response rate in 14 weeks. 44 In addition, NeoPalAna study, assessing the antiproliferative effect of neoadjuvant palbociclib and aromatase inhibitor anastrozole for clinical Stage 2/3 ER+ breast cancer, showed significantly higher cell cycle arrest rate after adding palbociclib to anastrozole. 45 A recent review by Guerrero-Zotano et al 46 provides detailed information regarding the role of neoadjuvant endocrine therapy in drug development and discovery in ER+ breast cancer. More information on neoadjuvant therapy as a platform for new therapies in triple-negative breast cancer, including immunotherapy, and poly ADP ribose polymerase (PARP) inhibitors can be found in another recent review by Escriva-de-Romani et al 47 Assessment of therapy response using traditional clinical trial design requires long-term follow-up data. The neoadjuvant setting offers a potential solution to this problem by allowing relatively quick detection of patient subpopulations that benefit from an intervention. 1 Pertuzumab received an accelerated US Food and Drug Administration (FDA) approval in 2013 for HER2-positive patients based on pCR criteria, in the absence of long-term data in the neoadjuvant setting. 2 In 2017, the FDA granted a regular approval to adjuvant pertuzumab for use in combination with trastuzumab and chemotherapy for HER2-positive early breast cancer at high risk of recurrence.
Conventional drug development approaches utilise heterogeneous patient populations, which have often been extensively pre-treated with other agents and the new candidate is simply a last resort. Neoadjuvant trials can maximise information gathered from individual patients with less confounding. Short-term responses can be monitored in real time, and predictive biomarkers of response can be identified using neoadjuvant approach.
Some studies define pCR as disappearance of all target lesions in the breast and associated axillary lymph nodes at the time of surgery, 48 whereas others define it regardless of nodal involvement. The lack of a uniform definition makes interpretation of data from neoadjuvant trials challenging. But this challenge is evident for both neoadjuvant and traditional clinical trials where different endpoints are assessed, making direct comparison of clinical evidence from different trials complicated. Efforts have been done to standardise the endpoint criteria such as The Response Evaluation Criteria In Solid Tumours (RECIST) guidelines. 49 Disease progression and tumour burden are currently accepted endpoints for clinical assessment of cancer chemotherapeutics. Disease progression can be assessed by different approaches including time-to-progression, progression-free/overall survival, whereas tumour burden is commonly assessed by mammography and ultrasonography. In the neoadjuvant setting, functional imaging tool magnetic resonance imaging (MRI) is recommended over mammography and computerised tomography to follow tumour burden according to RECIST. 49 The value of pCR as an endpoint for long-term outcome remains controversial. It has been shown to correlate with long-term clinical benefit; however, the correlation was strongest in triple-negative breast cancer patients, but not in lower grade patients. 7 Based on the variability of pCR among different breast cancer subtypes, enrolment of only high-risk patients in neoadjuvant clinical trials utilising pCR as a surrogate survival endpoint has been suggested. 50 NeoALTTO, the neoadjuvant trial on HER2-positive tumours, found a statistical improvement in pCR rate for the lapatinib and trastuzumab suggesting dual inhibition of HER2 for the treatment of HER2-positive breast cancer in the neoadjuvant setting. 51 This trial measured pCR response in the breast only, rather than the breast and axillary lymph nodes, which is the currently accepted standard according to FDA's draft guidance for accelerated drug approval. In contrast to NeoALTTO results, adjuvant ALTTO trial in HER2-positive breast cancer showed a nonsignificant reduction in disease-free survival for adding lapatinib to trastuzumab and chemotherapy. 52 The observed pCR difference in NeoALTTO and the observed hazard ratio in ALTTO were later shown to be concordant. 53 The 5-year follow-up analysis of NeoSphere, a phase 2 randomised neoadjuvant trial with treatment-naive locally advanced, inflammatory, or early-stage HER2-positive breast cancer patients, reported beneficial role of pertuzumab when combined with trastuzumab and docetaxel, as well as suggesting that pCR can be an early indicator of long-term outcome. 54 Another neoadjuvant trial of trastuzumab in early-stage HER2-positive breast cancer patients demonstrated that immune signatures evaluated after a single dose of trastuzumab can predict response suggesting these signatures may provide early evaluation of trastuzumab response. 55 The inconsistent results do not mean that neoadjuvant trials should be abandoned, but rather emphasise the importance of standardising the trial protocols, appropriate use of endpoints, and focusing on target patient populations such as those with a particular biomarker or higher risk in adjuvant trials testing promising new drugs. Neoadjuvant trials can provide reliable evidence even when performed on a small cohort of target patient population. 56
Challenges Facing the Use of Neoadjuvant Treatment in Breast Cancer
The use of the neoadjuvant setting to identify potential molecular markers of response has its own challenges. One major obstacle to characterising response to treatments is the unavailability of patient-matched tumour material for molecular evaluation following pCR. This is a limitation especially in the context of neoadjuvant chemotherapy as it leads to the complete disappearance of the primary tumour in 20% to 30% of ER-negative patients. 6 Samples taken after 2 weeks or midchemo may be an appropriate alternative (see Figure 1 ), to discover early on-treatment whether an approach will be effective. 6 
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Most gene expression profiling studies to date have attempted to identify candidate predictive markers for chemotherapeutic response using pre-treatment only biopsies. Aside from the existing potential for improving stratification, this approach does not account for therapy-induced perturbations. Similarly, post-treatment-only clinical samples investigated at the molecular level 57 have limited value without an appropriate reference.
Comparing matched pre-and post-treatment samples from the same patient removes much individual-specific variability. Therefore, gene expression analysis of serial tumours in the neoadjuvant setting may identify predictors with better sensitivity than baseline samples alone. 58 Although the potential of these studies is high, this approach has its own technical limitations as identifying and analysing matched samples is challenging. Attempts to characterise patient-matched samples following neoadjuvant endocrine therapy or chemotherapy have often been limited to relatively small numbers of patients. 10, 23, 59 Variability due to tissue heterogeneity can also have an impact; however, a recent study profiling expression in multiple samples of the same tumours suggested that macroscopic intratumour heterogeneity is unlikely to affect molecular profiling of breast tumours. 60 We recently reported the significant impact of the sampling method and tumour heterogeneity on gene expression profiles in neoadjuvant studies. 61 Analysis of dynamic changes in gene expression from 37 paired pre-treatment samples (core biopsies) and surgically excised breast cancer biopsies from women receiving no neoadjuvant therapy revealed sampling method as a potential confounding factor. 61 Expression of early growth response genes (dual specificity phosphatase 1 [DUSP1], early growth response 1 [EGR1], Finkel-Biskis-Jinkins osteosarcoma [FOS] , and FOS homolog B [FOSB]) was significantly higher in surgically excised samples compared with their core biopsied counterparts. 61 Another study also demonstrated significant changes in early-response gene expression within an hour following surgery, 62 confirming our findings. The effect of sampling method and systematic changes that occur in the absence of treatment (no intervening treatment) should, therefore, be considered for valid interpretation of the results.
Conclusions
Neoadjuvant therapy is a valuable clinical and research tool with great potential for advancing breast cancer treatments. In clinical practice, neoadjuvant therapy is commonly continued for 3 months to achieve a certain tumour volume reduction response that allows breast-conserving surgery. Therefore, determining molecular changes during the early weeks of neoadjuvant therapy may help to identify potential biomarkers of response. The lack of validated surrogate biomarkers remains the major challenge for neoadjuvant studies. Furthermore, utilising samples from patients treated with extended neoadjuvant therapy where available could significantly contribute to in situ identification of the molecular changes under extended therapy. In summary, the neoadjuvant setting is a promising approach for rapid introduction of efficient and individualised novel therapies as well as biomarkers for precision oncology to get treatments for breast cancer into the clinic.
